).
Introduction

An Experimental Investigation of Forces Induced on Cylinders by Random Oscillatory Flow
Results are presented from experiments investigating hydrodynamic forces induced on fixed circular cylinders by random oscillatory flo ws. The oscillatory flo w was generated in a water tunnel and the inline and transverse forces induced on the cylinders were measured simultaneously. Analysis of the measured forces shows that sign13cant d~fferences exist when comparing drag and inertia coeflcients to those measured under sinusoidal flow conditions, particularly in the inertia / drag regime of the Keulegan-Carpenter number. The comparison of results for random versus sinusoidal flow conditions generated in the same experimental apparatus quantiJies the difference in the physical mechanisms, speciJically the vortex shedding and pairing, which influence the induced forces. A study is also made of the dependence of measured force power spectral densities on the statistical Keulegan-Carpenter number, Reynold's number and on the spectral width of the flo w velocity auto-power spectrum.
Inline Forces on Cylinders.
Estimation of inline forces induced on cylindrical structures by oscillatory flows is traditionally accomplished by use of the Morison equaton with experimentally measured drag and inertia coefficients. The Morison equation used for estimating inline forces induced under an oscillatory flow is given by where f ( t ) is the per unit length inline force, p is the fluid density, D is the cylinder diameter, A , is the cylinder crosssectional area, u ( t ) is the time-dependent flow velocity and C d and C, are the drag and inertia coefficients. respectively. In oscillatory flow. parameterization of the fluid flow is commonly accomplished by the Keulegan-Carpenter number, KC = U T / D , and a Reynold's number, Re = U D l v . In these detinitions. U is a velocity scale equal to the magnitude of the fundamental mode in a Fourier series expansion of the velocity, T is the period of the cycle of oscillation, D is the cylinder diameter and v is the fluid kinematic viscosity. Sarpkaya (1976a) first showed that under sinusoidal flow conditions. where u ( t ) = Umsin(2xf/ T). the C d and C , coefficients were dependent on the KeuleganCarpenter number. KC = U,T/D, a frequency parameter. 0 = Re/KC = D 2 / v T . and on the cylinder roughness (see also Sarpkaya, 1976b Sarpkaya, , 1977 Sarpkaya, , 1978 ).
In general, the Morison equation with properly calibrated coetiicients has been found to be accurate except for predicting forces induced by flows in the inertiajdrag regime of the Keulegan-Carpenter number (8 < KC < 25). Inline force estimation using the Morison equation is well documented by Sarpkaya and Isaacson (1981) . Chakrabarti ( 1987) and also by Moe ( 1990) . Under random conditions, estimation of the inline force power spectral density is typically achieved by using a linearized form of the Morison equation (e.g., see Borgman. 1972 ). More recently, Bendat (1990) has shown that higher accuracy can be achieved in the power spectral density estimation using conditional spectral density functions. This latter approach permits coherence functions to be defined for uncorrelated linear and nonlinear components of the inline force.
Transverse (or Lift) Forces on Cylinders.
The transverse force is more difficult to model. particularly under random flow conditions. An improved model for periodic flow conditions was suggested by Bearman, et al. (1984) and shown to be reasonably accurate for Keulegan-Carpenter numbers greater than 20. In a half-cycle of oscillatory flow where the flow velocity is u ( t ) = Umsin(2xt/ T ) , the transverse force. I ( t ) , is given by Bearman et al. by been determined from prototype structures in the ocean (e.g.. Bostrdm, 1987) and in wave basins (Chakrabarti. 1980; Bearman et., 1985) . Ocean-based and wave basin measurements provide design data for full-scale structures in typical ocean environments and give valuable information regarding the overall effect of wave-induced forces on cylindrical structural members. However. to understand the fundamental relationship between the inline and transverse forces and the flow kinematics, many of the unknown effects in wave-induced loading of structures due to kinematics estimation or measurement can be eliminated by using planar oscillatory flow experiments. Experimental studies utilizing laboratory U-rube water tunnels or cylinders oscillating in a fluid at rest have been conducted over the past two decades. More recent sinusoidal oscillatory flow studies by Sarpkaya (1986) , Williamson (1985) and Obasaju et al. (1988) have improved the fundamental understanding of how induced hydrodynamic forces depend on fluid flow phenomena. For the most part, planar oscillatory flow studies have concentrated on sinusoidal or periodic flow experiments. Two notable exceptions are Rodenbusch and Kallstrom (1986) and Ikeda, et al. (1988) , both of which oscillated a vertical instrumented cylinder in a resting fluid. Rodenbusch and Kallstrom examined cycle by cycle C, and C,, coefficients for high Reynold's numbers (2 x lo6) in a complex two-dimensional flow used to model wave directionality. Ikeda et al. oscillated a cylinder regularly and irregularly in a resting fluid to examine the effect of past cycles on measured inline forces in a one-dimensional flow.
Improved techniques for modeling the inline and transverse forces under a wider range of operating conditions are required as researchers and designers investigate applicability of existing models in deepwater applications. Despite the significant attention given to hydrodynamic loading of cylinders in the past, it remains necessary to conduct experimental studies under random flow conditions for any Keulegan-Carpenter and Reynold's numbers. These studies are required to extend the available data base of inline and transverse force measurements under random flow conditions in ocean studies, wave basins and in oscillatory flow water tunnels. The results presented from current experiments represent such a contribution by presenting results of random oscillatory flow experiments in the form of drag and inertia coefficients and root-mean-square total inline. C/(rms), and total transverse, C,(rms), force coefficients. These results are contrasted with similar data measured under sinusoidal flow conditions which are also compared to results from Sarpkaya (1976a Sarpkaya ( . 1986 . Estimated probability density functions of the measured forces are presented, and for the case of the inline force. compared to existing analytical formulations based on the Morison equation. Finally, measured inline and transverse force power spectral densities (PSDs) are used to examine dependence on statistical analogs of the Keulegan-Carpenter and Reynold's number and on the spectral width of the input velocity PSD. The results of this study provide knowledge on the fundamental relationship between induced random hydrodynamic forces and a time-dependent velocity field with an auto-power spectrum typical of those which might be used in offshore design applications.
Experimental Apparatus
A schematic of the laboratory setup used in the present investigation is shown in Fig. 1 a displacement transducer mounted on the end of the follower side piston shaft. The displacement transducer is also used to provide an in-situ dynamic calibration of the A p transducer. The fluid velocity in the test section is determined by integrating the acceleration measurement. Analog signals are not low-pass filtered before digitizing to avoid phase shift between the measured quantities. Forced oscillation is accomplished using a hydraulic actuator attached to the piston shaft to drive the contained fluid mass at frequencies close to the damped natural frequency of the oscillatory flow water tunnel. In sinusoidal oscillatory flow experiments, a function generator is used to specify a sinusoidal input to the actuator servo-controller. The peak displacement of the oscillating fluid is controlled using a span setting to achieve sinusoidal flow conditions with different Keulegan-Carpenter number values for a fixed value of frequency. Randomly driven experiments are conducted by forming a second control loop using fluid acceleration feedback (from A p transducer) into a GenRad random vibration controller. The auto-power spectrum of a random drive signal is successively adjusted by the controller to minimize the error between the measured and userspecified power spectral densities of fluid acceleration in the test section. When the measured feedback auto-power spectrum remains within a tolerance level specified for a given experiment, the random drive signal remains stationary. Further details concerning the experimental setup and operation can be found in Longoria ( 1989) .
Parameters for Oscillatory Flow
Under sinusoidal flow conditions, the definition of the Keulegan-Carpenter number is based on U,,,, the peak or maximum velocity in a cycle and T. the period of oscillation which is constant from cycle to cycle. In random oscillatory flow. the velocity scale in the Keulegan-Carpenter number, U , changes from cycle to cycle as does the zero up-crohsing period. Consequently. as is common in analysis of ocean wave height data, an average zero up-crossing period under stationary random conditions is defined in the analysis of flow velocity data as T,. 
where a,, is the measured root-mean-square value of the fluid velocity (also, see Bostrqm, 1987) . For the following discussions. the subscript r will denote statistical parameters for random flow conditions. A statistical frequency parameter. or, similar to the / 3 defined in sinusoidal experiments. is given by:
Also. a spectral parameter, q , is computed for the velocity auto-power spectrum in each experi-ment and yields a measure of the dispersion of the velocity auto-power spectrum about its central frequency when defined as (see Nigam. 1983) where .9
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In Eqs. (4), f is frequency and G,,,( f ) is the one-sided autopower spectrum of the fluid velocity, u ( t ) . Note that the values of KC,. Re, (or 13,) and q parameterize a random oscillatory flow experiment which is stationary. For random wave forces analysis. such parameters might define a design sea environment.
Results From Sinusoidal Flow Experiments
2.00
Sinusoidal oscillatory flow experiments were conducted at a fixed frequency of 3.41 Hz. Two smooth cylinders with diameters of 0.709 in. (18 mm Fourier-averaged drag and inertia coefficients were computed by assuming the How velocity to be sinusoidal: u(0) = U,,sin(B), where 0 = 2 a t / T and T is the period of oscillation. Keulegan and Carpenter (1958) first presented such an analysis and obKeuleganCarpenr~ Number. KC KculeganCarpenter Number. KC In Eq. (5). f ( 0 ) is the inline force per unit length over a cycle. Fourier averaged C , and C , coefficients are plotted in Figs. 2 and 3 compared with results from Sarpkaya (1976a Sarpkaya ( , 1986 . Figure 4 contains plots of the root-mean-square(rms) total inline and total transverse force coefficients plotted versus KC with data obtained by Sarpkaya (1986) . These rms force coefficients are given by
Comparison to results from Sarpkaya (1976a and ) is conducted to illustrate that comparable force coefficients are generated using the present experimental apparatus. It is found from examination of the Figs. 2 through 4 that the sinusoidal How results are in general agreement with similar results obtained by Sarpkaya (1976a Sarpkaya ( . 1986 ) using a U-tube test facility. Further assessment of the experimental results was done by comparing vortex shedding frequencies inferred from measured transverse forces to those observed by Williamson (1985) and
Results From Random Flow Experiments
In the first four random oscillatory flow experiments. a normalized form of a Pierson-Moskowitz (P-M) wave-height spectrum was used as the user-specified control spectrum shape. The P-M spectrum shape was selected to shape the flow acceleration spectrum in the water tunnel, by use of the vibration controller, to have characteristics of those which might be encountered in random sea subsurface environments. In a fifth experiment. the control spectrum shape was changed to achieve a slightly narrower bandwidth than for the first four experiments. The normalized acceleration control spectrum shapes used in five random oscillatory flow experiments are shown in Fig. % a ) . These spectra were scaled to achieve realizable conditions in the oscillatory flow water tunnel. The peak frequency of the acceleration control spectra. f,, was selected to be approximately equal to the damped natural frequency of the oscillatory flow water tunnel. 3.4 Hz. and the magnitude of the control spectrum was scaled for each experiment to achieve different values of KC, and Re,. In each random experiment. 180 time series realizations of 1034 points were digitized at a sample rate of 400 Hz. Measured Huid velocity spectra for three of the experiments are shown in Fig. 5(b) .
Statistical data for the velocity. inline force and transverse force is given in Table I been included for the five cases in Table 1 to give an indication of the non-Gaussianity of the measured forces. Probability density tinctions (pdfs) of the inline and transverse forces measured for Cases 1 and 2 are presented in Figs. 6 and 7. These measured inline force pdfs are compared to a Gaussian pdf (with a variance identical to that based on a linearized Morison equation) and to a non-Gaussian pdf predicted using an equation based on the Morison equation by Pierson and Holmes (1965) given by
In Eq. (7). f is the per unit length inline force, a, is the rms value of velocity, a, is rms value of acceleration, and k , = 0.5pCdD and k ? = pC, A o . Note that this formulation assumes that the fluid acceleration and velocity are Gaussian. The nonGaussianity of the random hydrodynamic forces is evident and shows that a Gaussian pdf will lead to underestimation of the probability of peak forces in the tails of the pdf. tion. Lack of a model for the transverse force prevents any comparison of these measured pdfs to an estimated pdf. Borgman (1972) has suggested a method of moments to derive C, and C,. The results from such an analysis for the five random flow experiments are presented in Table 2 . The reduction of the data in this form is similar to that done by Bostrdm (1987) for Ocean Test Structu1.e (OTS) data collected in the Gulf of Mexico. The present results are not comparable to those of Bostrdm since the flow in the OTS data resulted in higher Reynold's numbers and had a nonzero mean velocity.
Analysis by the method of moments reduces the entire ensemble of data to two drag, C,, and inertia, C,,, coefficients for the inline force estimation in a given random sea condition. A method used by Longoria (1989) 5.1.2 Least-Squared-Error Force Coefficients. The drag and inertia force coefficients, Cd and C,, were derived for each cycle of data by minimizing the squared-error between the measured inline force and that estimated by the Morison equation. These C, and C, coefficients are plotted versus KC in Figs. 8 and 9 and compared to coefficients measured under sinusoidal flow conditions (and earlier compared to results from Sarpkaya (1976a and ). The random flow results are compared to sinusoidal data with a value of /3 close to that of / 3, in both cases. The results show clearly that the dependence of the least-squared error Cd and C, on KC under random flow conditions differ significantly from those coefficients measured for comparable /3 in sinusoidal conditions. The dependence of Cd and C, on increasing 0,. however, is similar to that shown by Sarpkaya (1976a) using sinusoidal flow. That is. as observed in Fig. 8 . when / 3, increases. the magnitude of C,,, increases while the magnitude of Cd decreases for constant KC. The effect of a slightly narrowed bandwidth (Case 5 with q = 0.16) for the fluid velocity PSD appears to make little difference in the general trends observed for C, and C, values computed in the time-domain.
5.1.3 Root-Mean-Square Total Force Coefficients. Root-mean-square total inline. C,(rms), and total transverse. C,(rms). force coefficients povide a measure of the average inline and transverse force levels. There appears to be no p > 3. The memory effect inherent in measured C,, and C,,, fluid has been examined by ikeda et al. (1988) .
ditference between the Cl(rms) force coefficients measured under random conditions and equivalent results for sinusoidal conditions as shown by results plotted in Fig. IO(a) . However. measured C,(rms) values plotted in Fig. IO(b) show that these coefficients are much smaller under random flow conditions than under sinusoidal flow conditions. particularly in the inertialdrag region. Also. the peak C,(rms) indicating large total transverse force levels under sinusoidal flow conditions for values of KC between 10 and 15 (see Fig. 1 ) is not observed under random flow conditions. On the other hand. under random flow conditions, the etfect of vortex shedding induced in a given cycle can result in a larger C,(rms) value for a subsequent cycle having a lower KC value as shown in Fig. 11 . Figure I I shows C,(rms) and C,(max) values for a current cycle plotted versus the ratio of the Keulegan-Carpenter number for the current cycle to the value of KC for the previous cycle. There is more scatter at large p in Fig. I I because fewer cases arose in these experiments for which 5.2 Discussion of Force Coefficient Results. The drag and inertia force coefficients, C, and C,, determined using a cycle-by-cycle analysis were found to ditfer significantly under sinusoidal and random flow conditions. Sarpkaya (L976a, 1986) . Williamson (1985) and Obasaju et al. (1988) . have all shown how vortex shedding and pairing influences the hydrodynamic forces exerted on cylinders subjected to sinusoidal oscillatory flow. in particular, the latter two studies demonstrated that the nature of the vortex shedding and pairing process is sensitive to the value of the Keulegan-Carpenter number and hence to the relative amplitude of the oscillating fluid (i.e.. A , ,"D. where A,,, scales the fluid flow displacement). The dependence of this process on the relative amplitude of the flow may explain the ditference between C, and C,, in random versus sinusoidal flow conditions. Sarpkaya (1976a) showed that in sinusoidal oscillating flow. maximum C, and minimum C,, values in the inertialdrag regime of KC arc attributed to flow conditions about the cylinder which result from generation of a vortex street before the flow reverses direction. Under random flow conditions. random encounters of shed vortices during random flow reversal generate irregular How conditions about the cylinder which disrupt the generation of a periodic vortex street. The C, coefficients under random flow conditions increase as KC increases from below KC = 4. but reach a maximum close to typically reported steady flow values from about I . I to 1.3 in the invariant trend across most of the KC-axis suggesting that constant values may be appropriate for design procedures which IU00 estimate inline forces under random conditions using a Mor~son type equation. It is interesting to note that the general trends observed in C, and C, versus KC in Figs. 8 and 9 are similar to those found for very high Reynold's numbers (over 2 x lo6) 100 by Rodenbusch and Kallstrom (1986) using a two-dimensional flow. and the overall magnitudes change slightly due to differences in the Reynolds numbers, as well as inherent differences between the experimental arrangements. The dependence of drag and inertia coefficients on KC under random versus sinusoidal flow conditions is also evident from the coefficients determined by method of moments, shown in Table  2 . Table 3 contains selected values of C, and C, for sinusoidal flow conditions (determined by least-squared error methods) at values of KC and Re close to the KC, and Re, values shown in Table 2 . At low KC, (less than 10). there is very little difference between random and sinusoidal flow results. Note, however, that the results in Table 3 (for sinusoidal flow. Case B) comparable to Case 2 (KC, = 11.6) show that the C , and C, values follow similar trends as observed in Figs. 8 and 9 . That is, values of C, tend to be lower in the inertialdrag regime for random How conditions compared to those measured in sinusoidal flow conditions. measured from a vertical cylindrical pile In a wave Hume at high Comparison of rms total inline force coefficients (Fig. IO(a) ) Reynold's numbers. Bearman et al. results for wave data and shows no significant difference between values measured under those presented here for planar oscillatory How show that meassinusoidal and random conditions. Bearman et al. (1985) . made a ured Cf(rms) values in periodic and random How conditions do similar comparison between regular and random wave force data not differ significantly and may suggest that rms total force coefficients can be obtained from sinusoidal flow experiments for any environment (Sarpkaya. 1990 ). However. results from the current study show that the relationship between the drag and inertia components in a Morison equation model of the inline force do differ in random versus sinusoidal flow conditions. Consequently, the results demonstrate the need to decompose the inline force into drag and inertia components, as conventionally done by using the Morison equation as a model. when conducting a dynamic analysis of a structure. Transverse forces in random oscillatory flow are difficult to model because of their strong dependence on vortex shedding, which is in turn dependent on the instantaneous amplitude of the random oscillating flow across the cylinder. The rms total transverse force coetticients for random flow conditions further illustrate the sensitivity to the disruption of the vortex shedding process in the inertialdrag region of KC. Note that the random flow values of C,(rms) are significantly smaller than in sinusoidal conditions. Improved models of the transverse force by Bearman et al. (1984) . and utilized by Graham (1987) for random wave forces on cylinders. should be considered in future analysis of transverse force data. However, such implementation for time-domain prediction in random flow conditions is still incomplete.
Discussion of Measured Force
Power Spectral Densities. Measured power spectral densities of the inline and transverse forces are shown in Figs. 12 and 13, respectively, plotted versus dimensionless frequency, f / f,. The value of f, is based on the peak frequency in the veloc'ity power spectral density which was f, = 3.125 Hz. Note that this differs from the f, value used to control the flow acceleration. The results and discussion presented describe how the magnitude and frequency content of the inline and transverse forces depend on KC,, Re, and 9 . 5.3.1 Eflect of Changes in KC, a n d Re,. An increase in the statistical Reynold's number. Re,, results in increased magnitude of the inline and transverse force PSDs without changing the frequency content. This is illustrated by Cases I (KC, = 6.8. Re,=8211. 9 = 0 . 2 7 ) and 3 ( K C , = 6 . 8 , Re,=15936. 9 = 0.27) for which increasing Re, from Case I to Case 3 results in an increased magnitude in the inline force PSD as shown in Figs. 12(a) and 12(c). A similar effect is shown for the transverse force PSDs ~n Figs. 13(a) and 13(c) where the magnitude changes and both Cases I and 3 result in a dominant peak at about f l f , = 2 attributable to vortex shedding. On the other hand. Cases 2 and 3 have nearly the same Re, (14395 and 15936. respectively) but Case 2 has KC, = 11.6 compared to KC, = 6.8 for Case 3. Note the difference in the shape of the auto-power spectrum of the inline force for these two flow conditions. In Case 2 (Fig. 12(b) ), the KC, value can be considered to be in the inertialdrag regime (commonly defined as 8 < KC < 25 in sinusoidal experiments) and a peak appears in the measured inline force auto-power spectrum centered about f /f!, = 3. For Case 2 . there is a larger number of cycles where the d i n e forces are drag-dominated due to oscillations having higher instantaneous KC values compare to Cases 1. 2 or 4.
Under Case 2 conditions. the cylinder is exposed to a broader range of relative amplitudes which results in induced transverse forces having frequency components at multiple-harmonics of the peak frequency of the velocity PSD of the oscillatory fluid (1.e.. f'if,, = 2. 3, 4 etc.). A relatively broad-banded transverse force results as shown in Fig. 13( b ) . This interpretation is derived from known dependence of transverse forces on the vortex shedding and pairing phenomena which in turn depends on the Keulegan-Carpenter number. KC (Williamson. 1985: and Obasaju et al., 1988) .
The effect of independent changes in the flow parameters described in the foregoing are combined when comparing results from Cases 3 and 4 . The transverse force PSD for Case 4 (KC, = 8.59. Re, = 20169. 9 = 0.27). which has an increased KC, and Re, over Case 3 (KC, = 6.8. Re, = 15936, 9 = 0.27). illustrates the transition from a predominantly peaked transverse force auto-power spectrum (as in Case I and 3 conditions) to a broader-banded transverse force auto-power spectrum as measured for Case 2. Re, = 10227. 9 = 0.16) conditions illustrate the effect of narrowing the velocity auto-power spectrum of the random o s c i l l a t o~ flow. In Case 5. the value of the spectral parameter. 9 = 0.16. is approximately 60 percent of the 9 value for Cases 1 to 4 where 9 is 0.27 to 0.28 (see Table 1 ). Examination of linear and nonlinear coherence functions computed for a Morison equation representation of the inline force using techniques described by Bendat (1990) shows that the inline force components in the region of f If, = 3 are primarily linear drag forces. The measured inertia force components for this region of f If, are found to be small compared to the drag (on the order of 10 percent). The oscillatory flow in this case has a more narrow-banded flow velocity auto-power spectrum than the previous four cases. Under such conditions. the fluid undergoes periods of oscillation which can sustain vortex shedding and pairing about the cylinder similar to that observed in sinusoidal flow experiments. The sustained vortex shedding during the burst of oscillations results in a significantly different transverse auto-power spectrum from the previous four cases which had a broader-banded velocity auto-power spectrum. Peaks in the transverse force auto-power spectrum at harmonics of the peak of the velocity spectrum are more defined under Case 5 conditions. and there is a response in the vicinity of the peak frequency (f if, = 1 ) of the velocity auto-power spectrum not observed in the previous four experiments having a higher 9 value.
Conclusions
The results of our experiments demonstrate a significant difference between the drag, C,, and inertia. C,,,, coefficients for a Morison equation estimation of the inline forces induced by random versus sinusoidal oscillatory flows, especially in the inertialdrag regime (defined by 8 < KC < 25). The characteristic trends of C, and C, , , versus KC typically measured under sinusoidal flow conditions (e.g., Figs. 2 and 3) . which have been attributed to the periodic vortex street generated before flow reversal. are changed under random flow conditions (e.g., Figs. 8 and 9). but the dependence on the statistical frequency parameter 0, appears to be similar to that for the 0 sinusoidal flow. It is concluded that the periodic shedding and pairing of vortices 15 disrupted in random flow by the irregular fluid motion. The sensitivity of measured C , and C,,, coefficients to the random nature of the flow indicates that application of the Morison equation to estimate the inline force in dynamic analysis of a structure should strictly rely on force coefficients determined under random flow conditions. In particular, planar oscillatory How conditions offer a controlled laboratory environment which allows assessment of the direct relationship between induced forces and a random oscillatory fluid flow. It is also interesting to note that the disruption of vortex shedding in random oscillatory How also results in rms total transverse force coefficients. C,(rms), which are smaller than those measured under sinusoidal flow conditions. In contrast, the rms total inline force coefficients. C,(rms). appear to be insensitive to the type of flow oscillat~on.
An assessment was made of the effect of statistical fluid parameters on the measured inline and transverse force autopower spectra. For the range of statistical Reynold's number, Re,. encountered in the present random flow experiments (831 1 < Re, < 20169), it was observed that changes in the measured inline forces due to a nonlinear relationship to the flow velocity can be gaged by KC, and q , and only the magnitude of the forces is affected by the changes in Re,. However, further experimentation is required to investigate the effects of more extensive changes in the statistical Reynold's number, Re,, in random oscillatory flow. The effect of increases in KC, was found to increase the drag component of the inline force, in particular generating a peak at about three times the peak fre- Dimensionless Frequency, f/fp was further found that reducing the How velocity spectral width, q, also resulted in a broad-banded transverse force auto-power spectrum but with more defined peaks at harmonics of f,.
Further experiments are required to define the difference between nonlinear behavior in the hydrodynamic forces due to changes in KC, and that due to changes in the spectral width, q. Additionally, such an examination. is more appropriate using higher order spectral analysis or nonlinear frequency domain models. 
